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central	 to	 ecology,	 conservation	 biology,	 and	 wildlife	 management.	 Reliable	 esti-
mates	of	survival	probabilities	are	key	to	population	viability	assessments,	and	pat-
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1985;	 Galimberti,	 Sanvito,	 Boitani,	 &	 Fabiani,	 2001;	 Williams,	
Nichols,	&	Conroy,	2002).	Patterns	in	the	variation	of	survival	rates	






in	young	animals	 and	 low	 rates	 in	 adults	 that	 increase	 toward	 the	
maximum	age	(Caughley,	1966).	Males	tend	to	have	higher	mortality	
rates	than	females	(Trivers,	1972).	Variations	in	age-	and	sex-specific	





(e.g.,	 IUCN,	2017).	 The	 cause	of	 a	 trend	may	be	understood	 from	






Long-term	 individual-based	studies	are	an	effective	 tool	 to	es-




may	 require	 decades	 of	 data.	Capture–recapture	 analyses	 of	 indi-
vidual-based	data	have	been	used	extensively	in	ecology	(Burnham,	
Anderson,	White,	Brownie,	&	Pollock,	1987;	Cormack,	1964)	to	es-






(Tursiops truncatus)	 population	 (Figure	 1),	 which	 long-term	 pho-
toidentification	 monitoring	 since	 1989	 indicates	 is	 increasing,	 es-
pecially	since	around	2000	(Cheney,	Graham,	Barton,	Hammond,	&	
Thompson,	 2018;	Wilson,	Hammond,	&	Thompson,	 1999;	Wilson,	
Reid,	Grellier,	 Thompson,	&	Hammond,	2004).	 Survival	 rates	have	











whether	 changes	 in	 juvenile/adult	 survival	 could	 help	 explain	 the	
observed	increase	in	population	size	and	investigate	variation	in	calf	
survival.	We	first	estimate	annual	survival	of	juvenile/adult	dolphins	
using	 robust	 design	 capture–recapture	models,	which	 incorporate	
the	estimation	of	temporary	emigration,	including	assessing	the	sup-
port	 for	a	 trend	over	 time.	We	then	explore	whether	 there	 is	evi-
dence	 for	 sex-specific	 survival	 using	multistate	 capture–recapture	
models.	We	estimate	calf	survival	during	the	first	3	years	of	life	for	
a	 subset	 of	 dolphins	 followed	 since	 their	 year	 of	 birth	 using	 age-
specific	models,	and	 investigate	whether	survivorship	of	first-born	
calves	was	different	from	calves	born	subsequently.
2  | MATERIAL S AND METHODS
2.1 | Photoidentification data
Boat-based	surveys	were	conducted	off	the	east	coast	of	Scotland	





in	 the	Moray	Firth	 Special	Area	of	Conservation	 (SAC)	 effort	was	
consistent	over	 the	 study	period	 (Cheney	et	al.,	2014),	while	 in	St	
Andrews	Bay	and	the	Tay	estuary	effort	was	variable	from	1997	to	
2007	and	consistent	from	2009	onwards	(Cheney	et	al.,	2013;	Islas-





calves	 do	 not	 tend	 to	 have	 permanent	marks	 that	 can	 be	 tracked	
across	 years,	 individuals	 in	 the	 first	 3	years	 of	 life	were	 aged	 and	
identified	 based	 on	 body	 size,	 skin	 coloration,	 presence	 of	 fetal	
F I G U R E  1  Bottlenose	dolphins	from	the	east	coast	of	Scotland	
(photograph	by	Mònica	Arso	Civil,	taken	during	this	study)
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folds	and	repeated	association	with	a	known	adult	dolphin	(i.e.,	the	
mother;	 Grellier,	 Hammond,	 Wilson,	 Sanders-Reed,	 &	 Thompson,	
2003;	 Arso	 Civil,	 Cheney,	 Quick,	 Thompson,	 &	Hammond,	 2017).	







2.2 | Modeling age‐ and sex‐specific survival
The	 open	 population	Cormack-Jolly-Seber	 (CJS)	model	 is	 typically	
used	to	estimate	survival	probabilities	from	capture–recapture	data	
(e.g.,	Pollock,	Nichols,	Brownie,	&	Hines,	1990).	Capture–recapture	
models	 rely	on	a	number	of	assumptions	about	 the	captured	 indi-






for	 capture	 after	 first	 release	 (Pradel,	Hines,	 Lebreton,	&	Nichols,	
1997)	or	when	animals	 range	beyond	 the	 study	area	and	are	una-
vailable	for	capture	on	some	occasions	(i.e.,	temporary	emigration;	
Kendall	et	al.,	1997).
Our	 study	 population	 expanded	 its	 distributional	 range	 in	 the	
1990s	 (Wilson	et	al.,	2004),	but	sampling	effort	only	gradually	ex-
panded	 outside	 the	 initial	 study	 area	 from	 the	 end	 of	 the	 1990s.	
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Combined	with	variability	in	movement	patterns	among	individuals	
in	the	population	 (Cheney	et	al.,	2013),	 this	means	that	temporary	
emigration	 is	 likely	 to	 be	 a	 feature	 of	 our	 study,	 as	 suggested	 by	
Corkrey	et	 al.	 (2008).	Failure	 to	account	 for	 this	may	 lead	 to	bias.	
Methods	 to	determine	 the	 sex	of	 individuals	 can	also	be	a	 source	
of	bias;	in	cetaceans	assigning	sex	reliably	typically	requires	repeat-













was	detected	 in	 the	single-state	 juvenile/adult	dataset,	and	model	
statistics	 were	 adjusted	 by	 the	 estimated	 overdispersion	 factor	
(ĉ	=	1.629;	Choquet	et	al.,	2009).	Model	selection	was	based	on	the	
Akaike	Information	Criterion	(AIC;	Akaike,	1973)	adjusted	for	small	
samples	 (AICc)	 for	 the	 calf	 and	 the	multistate	 juvenile/adult	 data-
sets,	and	on	the	Quasi	Akaike	Information	Criterion	(QAICc)	for	the	








juvenile/adult	 dolphins	 (i.e.,	 non-calf),	 combining	 open	 and	 closed	
population	models	with	estimators	that	incorporate	temporary	emi-






The	 probability	 of	 temporarily	 emigrating	was	modeled	 as	 the	
probability	that	an	animal	was	unavailable	for	capture	during	a	pri-
mary	 period	 (i.e.,	 a	 given	 year),	 given	 that	 it	 was	 available	 (γ’’)	 or	
unavailable	 (γ’)	 in	the	previous	primary	period.	Random	temporary	
emigration	is	characterized	by	the	probability	of	emigrating	not	de-





time-dependent,	 in	 which	 case	 constraints	 were	 applied	 to	 allow	









to	vary	 at	 all.	Models	 incorporating	 individual	 heterogeneity	were	
also	considered	(π;	Pledger,	2000),	in	which	the	population	was	as-













male	 (M),	 female	 (F),	 or	 unknown	 (U)	 if	 sex	 had	 not	 been	 deter-
mined.	When	first	sighted,	an	individual	was	recorded	as	unknown	
(U)	until	 the	sex	was	determined	 (M	or	F),	 and	 then	 remained	 in	







effects	 of	 no	 variation,	 time-dependence,	 time	 trend,	 and	 state	
(sex-specific: M ≠	 F ≠	U,	 or	 the	 combinations	M	 =	 U	 ≠	 F,	 F	 =	 U	




2.2.3 | Calf survival: Age‐specific CJS models
Age-specific	CJS	models	were	used	to	estimate	the	probability	of	
survival	 of	 dolphins	 during	 the	 first	 3	years	 of	 life.	 Because	 the	




probabilities	 were	 allowed	 to	 be	 constant	 or	 to	 vary	 among	
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years.	 Survival	was	modeled	 as	 constant	 for	 all	 ages,	 separately	
for	1st,	2nd	and	3rd	year,	or	 for	1st	year	and	2nd/3rd	year	as	a	
single	parameter.	Models	were	also	fitted	to	investigate	whether	




In	 total,	 205	 juvenile/adult	 marked	 bottlenose	 dolphins	 were	
identified	between	1989	and	2015.	Model	selection	favored	mod-
els	 incorporating	 Pledger	 (2000)	 heterogeneity	 mixture	 param-
eters	 over	 those	without	 it.	 Including	 a	 trend	 in	 the	 probability	
of	 survival	 (model	1	 in	Supporting	 Information	Table	S1)	greatly	
improved	 the	model	 fit	 (ΔQAICc	=	9.6,	 compared	 to	 the	equiva-
lent	 model	 with	 time-invariant	 survival,	 model	 2).	 This	 model	
had	Markovian	 temporary	 emigration	with	 a	 very	 low	 constant	
probability	 of	 emigrating	 (γ’’)	 of	 0.017	 (95%	 CI:	 0.006–0.047)	
and	 a	 high	 constant	 probability	 of	 remaining	 an	 emigrant	 (γ’)	 of	







To	 investigate	 if	 the	detected	trend	 in	survival	was	more	 likely	
to	be	a	result	of	a	change	in	adult	or	juvenile	survival,	the	top	two	
most	 supported	models	 in	 Supporting	 Information	 Table	 S1	 were	
fitted	 to	a	 restricted	dataset	of	adults	only.	This	dataset	excluded	
the	first	6	years	of	sightings	for	those	dolphins	classified	as	juveniles	





The	 marked	 juvenile/adult	 dolphins	 identified	 between	 1989	 and	
2015	included	43	males,	66	females	and	96	animals	of	unknown	sex.	
Multistate	 (MS)	models	 that	 allowed	 transition	 and	 capture	 prob-
abilities	to	vary	among	years	but	not	between	sexes	had	better	sup-
port	from	the	data	than	other	models	(Supporting	Information	Table	




















stant,	 different	 for	 each	 age	 class	 or	 different	 between	 age	 1	 and	
ages	2/3	combined	were	all	well	supported	by	the	data	(models	1–3).	
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Survival	probabilities	of	calves	were	lowest	in	the	1st	year,	increased	
in	 the	2nd	year	 and	decreased	 in	 the	3rd	year	 (Table	1).	Models	 in	
which	the	survival	of	first-born	calves	was	different	from	calves	born	
subsequently	 received	 considerable	 support	 from	 the	 data	 but	 not	
as	much	as	models	that	did	not	 incorporate	this	 (models	4	and	5	 in	











Our	 estimate	 of	 time-invariant	 survival	 probability	 for	 juveniles/
adults	 in	 the	 Scottish	 east	 coast	 bottlenose	 dolphin	 population	






SE =	0.029),	 using	 data	 from	 1990–1997	 and	 1990–2002,	 respec-
tively;	 both	 of	 these	 studies	 suggested	 that	 a	 population	 decline	













Age class Group Modeling approach Survival 95% CI
Juvenile/adult All Robust	design 0.948 0.933–0.959
Female Multistate 0.962 0.941–0.976
Male 0.942 0.904–0.966
Unknown	sex 0.939 0.923–0.952
Calf—1st	year All Age-CJS 0.865 0.785–0.919
Calf—2nd	year 0.981 0.797–0.998
Calf—3rd	year 0.883 0.708–0.959
Calf—1st	year First-born 0.836 0.697–0.918
Subsequently	born 0.880 0.789–0.935
Calf—2nd	year First-born 0.976 0.744–0.998
Subsequently	born 0.983 0.814–0.999
Calf—3rd	year First-born 0.853 0.619–0.954
Subsequently	born 0.894 0.725–0.964



































the	 1990s	 (Butler	 et	 al.,	 2017),	 could	 have	 contributed	 to	 the	 in-
creased	survival,	as	identified	for	Hector’s	dolphins	(Cephalorhynchus 
hectori)	in	New	Zealand	(Gormley	et	al.,	2012).	Wilson	et	al.	(2004)	

















may	 result	 in	 changes	 in	 the	 availability	 of	 or	 access	 to	 prey	 re-










ifications	 to	 habitat	 have	 been	 linked	 to	 in	 increased	 age-specific	
mortality	 rates	 in	 another	 population	 of	 bottlenose	 dolphins	 (e.g.,	
Currey	et	al.,	2011).	A	decrease	 in	mortality	pressure	due	to	man-
agement	 actions	 can	 result	 in	 significant	 changes	 in	 survival	 (e.g.,	
Gormley	et	al.,	2012)	and	increases	in	population	size,	as	in	the	case	





















part	 of	 the	 east	 coast	 of	 Scotland	 catalogue.	 These	 results	 are	 in	
accordance	with	those	from	genetic	analysis	which	show	some	but	
not	complete	isolation	between	animals	in	this	population	and	those	









a	 significantly	 higher	 percentage	 of	 body	 scarring	 and	 dorsal	 fin	
nicks	 compared	 to	 females	 (Marley,	 Cheney,	 &	 Thompson,	 2013),	
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Our	 results	 also	 showed	 some	 support	 for	 a	 female-driven	 in-
crease	 in	 juvenile/adult	 survival,	 which	 suggests	 that	 the	 hypoth-









First-year	 survival	 estimates	 are	 available	 for	 a	 few	 well-studied	
bottlenose	dolphin	populations	(Currey	et	al.,	2009;	Mann,	Connor,	















2017)	 but	 the	mothers	of	 nine	of	 the	 sixteen	 calves	not	 captured	
in	 their	 third	year	of	 life	were	sighted	that	year	accompanied	by	a	
new	calf.	The	extent	to	which	our	estimate	of	third-year	survival	is	
negatively	biased	by	mark	loss	is	unknown	but	obtaining	estimates	
of	 age-specific	 survival	 probabilities	 in	 older	 calves	 is	 likely	 to	 be	












calves	 born	 subsequently	 and	 found	 weak	 evidence	 for	 fitness	





Dawson,	 Currey,	 Lusseau,	 &	 Schneider,	 2014;	Mann	 et	 al.,	 2000).	
Suggested	 reasons	 behind	 a	 differentiated	 mortality	 in	 first-born	
calves	 include	 poor	 calf	 condition	 (Cheney	 et	 al.,	 2017;	 Mann	 &	






Our	 results	 inform	 assessment	 of	 the	 conservation	 status	 of	 this	
population,	 a	 requirement	 under	 the	 European	 Habitats	 Directive	








new	 information	 on	 survival	 presented	 here	 and	 on	 reproductive	
rates	(Arso	Civil	et	al.,	2017)	provides	an	excellent	basis	for	revisiting	
the	PVA	that	was	attempted	20	years	ago	(Sanders-Reed	et	al.,	1999).
More	 generally,	 information	 on	 survival	 will	 become	 an	 in-
creasingly	 important	 part	 of	 the	 assessment	 of	 conservation	
status	 and	 the	 impact	 of	 human	 activities	 on	 coastal	 cetaceans.	
Information	 of	 sufficient	 robustness	 and	 detail,	 and	 over	 a	 suf-




into	 the	 assessment	 process	 (such	 as	 through	 PVAs).	 Our	 study	
serves	as	a	useful	indication	of	the	information	that	can	be	made	
available	with	sufficient	data	and	a	 robust	analytical	 framework.	
Coastal	 marine	 mammal	 populations	 are	 globally	 subject	 to	 the	
impacts	 of	 environmental	 change	 and	 increasing	 anthropogenic	
disturbance	but	 also	 to	 the	 effects	 of	management	measures	 to	




In	generating	 robust	estimates	of	 survival	 for	a	 small	 and	discrete	
population	of	bottlenose	dolphins,	we	showed	very	strong	support	
for	an	increase	over	time	in	juvenile/adult	survival,	fairly	strong	sup-
port	 for	 age-specific	 calf	 survival	 and	 sex-specific	 juvenile/adult	
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survival,	 and	 weaker	 support	 for	 females	 driving	 the	 trend	 in	 ju-






a	 robust	 analytical	 framework,	 to	ultimately	help	understand	how	
populations	may	respond	to	the	impacts	of	environmental	changes,	
anthropogenic	 pressure,	 as	 well	 as	 management	 measures	 imple-
mented	to	reduce	human	impacts.
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